The Trf4p/Air2p/Mtr4p polyadenylation (TRAMP) complex recognizes aberrant RNAs in Saccharomyces cerevisiae and targets them for degradation. A TRAMP subcomplex consisting of a noncanonical poly(A) RNA polymerase in the Pol ß superfamily of nucleotidyl transferases, Trf4p, and a zinc knuckle protein, Air2p, mediates initial substrate recognition. Trf4p and related eukaryotic poly(A) and poly(U) polymerases differ from other characterized enzymes in the Pol ß superfamily both in sequence and in the lack of recognizable nucleic acid binding motifs. Here we report, at 2.7-Å resolution, the structure of Trf4p in complex with a fragment of Air2p comprising two zinc knuckle motifs. Trf4p consists of a catalytic and central domain similar in fold to those of other noncanonical Pol β RNA polymerases, and the two zinc knuckle motifs of Air2p interact with the Trf4p central domain. The interaction surface on Trf4p is highly conserved across eukaryotes, providing evidence that the Trf4p/Air2p complex is conserved in higher eukaryotes as well as in yeast and that the TRAMP complex may also function in RNA surveillance in higher eukaryotes. We show that Air2p, and in particular sequences encompassing a zinc knuckle motif near its N terminus, modulate Trf4p activity, and we present data supporting a role for this zinc knuckle in RNA binding. Finally, we show that the RNA 3′ end plays a role in substrate recognition.
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protein-RNA interactions | RNA quality control T he vast majority of transcripts from eukaryotic genomes do not encode proteins. These transcripts include precursors to noncoding RNAs, such as transfer and ribosomal RNAs, small nuclear and nucleolar RNAs, microRNAs, siRNAs, and piRNAs. These noncoding RNAs often fold into intricate three-dimensional structures that are critical for subsequent processing and for assembling with proteins to form ribonucleoprotein complexes. In addition, genomic sequencing experiments in both yeast and mammals have revealed the existence of a large number of short-lived noncoding transcripts that initiate near RNA polymerase II promoters. Finally, cells contain a variety of long noncoding RNAs, some of which function to regulate gene expression and chromatin structure (1, 2) .
Because defective RNAs can arise by synthesis from mutant genes, transcriptional errors, or aberrant processing events, and because some products of pervasive genome transcription may be harmful, cells have evolved surveillance mechanisms to recognize aberrant and unneeded noncoding RNAs and target them for degradation by exoribonucleases. Because all exoribonucleases require a single-stranded end to initiate decay, the initial recognition of target RNAs is often carried out by polymerases that, by adding extra nucleotides to the 3' ends, recruit the decay machinery. Because many exonucleases are unable to degrade structured RNAs, this machinery frequently includes RNA helicases (3) .
One of the best established noncoding RNA degradation pathways in Saccharomyces cerevisiae involves the Trf4p/Air2p/Mtr4p polyadenylation (TRAMP) complex and the nuclear exosome, a major 3 0 → 5 0 exonuclease (3, 4) . In vivo, TRAMP and the exosome are involved in the degradation of a large variety of RNA substrates, including hypomodified and unspliced pre-tRNAs, truncated 5S rRNA and signal recognition particle RNAs, aberrant rRNA processing intermediates, and a large class of bidirectional transcripts that initiate near RNA polymerase II promoters. The exosome is conserved in higher eukaryotes, and higher eukaryotes have homologs for each component of TRAMP (3, 4) , suggesting that the TRAMP-exosome pathway may be widely conserved. TRAMP consists of the poly(A) polymerase Trf4p or its close homolog Trf5p (65% sequence identity), the zinc knuckle protein Air2p or its close homolog Air1p (45% sequence identity), and Mtr4p, a member of the DExH/D box RNA helicase superfamily 2. The Trf4p/Air2p subcomplex polyadenylates the 3' ends of aberrant noncoding RNAs, providing a single-stranded "landing pad" that allows the exosome to initiate RNA decay (3, 4) .
A key question in noncoding RNA quality control is how RNAs are recognized as aberrant. In the TRAMP-exosome pathway, substrate recognition is mediated by the Trf4p/Air2p subcomplex (5) (6) (7) (8) , and in vitro, this subcomplex preferentially polyadenylates an unmodified form of tRNA Met i over the fully modified version (6, 9 ). An understanding of TRAMP substrate recognition will derive from a better understanding of Trf4p/ Air2p and its interactions with RNAs.
Trf4p/5p belongs to a family of ribonucleotide transferases in the Pol ß superfamily of nucleotidyl transferases (10, 11) . It consists of N-and C-terminal sequences that have little predicted secondary structure, a catalytic domain similar in sequence to several Pol ß members with known structures, and an adjacent "central domain," which shares a short nucleotide recognition motif hx(I/L/V)(E/Q)(E/D/N)PhxxxxNxx (h, hydrophobic; x, any residue) with so-called noncanonical Pol β RNA polymerases. Trf4p/5p differs from many structurally characterized ribonucleotidyl transferases in lacking a recognizable RNA binding domain, and it has been proposed that the Air proteins function in RNA binding (3, 4) . In both Air1p and Air2p, five adjacent CCHC zinc knuckles are inserted between N-and C-terminal sequences predicted to lack secondary structure. Cx 1-2 Cx 3-6 Hx 7-10 C-type zinc knuckles (C, cysteine; H, histidine; x, any amino acid) and their interactions with RNAs have been studied in the context of the retroviral nucleocapsid proteins (12) . In these proteins, residues x 1-2 and x 8-10 are typically involved in interactions with singlestranded, looped regions of RNA, and linker regions between knuckles may bind RNA duplex regions. It has not been established, however, whether the Air proteins or their zinc knuckles are involved in RNA binding, or whether these interactions resemble those of the nucleocapsid zinc knuckles.
Here we investigate the architecture and function of the Trf4p/ Air2p heterodimer. We show that Air2p and its most N-terminal zinc knuckle are important for the polyadenylation activity of Trf4p, and show data suggesting that this zinc knuckle interacts with tRNA substrates. We have also determined, at a resolution of 2.7 Å, the structure of a Trf4p/Air2p subcomplex consisting of the Trf4p catalytic and central domains and a segment of Air2p that includes the fourth and fifth zinc knuckles. The fold of Trf4p is similar to that of other noncanonical Pol β family enzymes despite insignificant sequence similarity in the central domain. The structure shows that the fourth and fifth zinc knuckles of Air2p interact with the central domain of Trf4p. The Trf4p surface that they bind is highly conserved in a wide range of eukaryotes, important experimental data supporting conservation of the Trf4p/ Air2p complex in higher eukaryotes.
Results and Discussion
Characterization of Trf4p/Air2p Core Complexes. Due to significant sample degradation during purification (Fig. S1 ), we were not able to isolate a complex consisting of full-length forms of Trf4p and Air2p. We therefore worked with Trf4p/Air2p subcomplexes, where the proteolytically sensitive N and C termini of both proteins were removed. One subcomplex, Trf4p∕Air2p ZK1-5 , consisted of the catalytic and central domains of Trf4p (residues 161-481) and the five zinc knuckles of Air2p (residues 58-198); a second version, Trf4p∕Air2p ZK4-5 , included only the fourth and fifth zinc knuckles of Air2p (residues 119-198). We coexpressed Trf4p and Air2p constructs in Escherichia coli, and purified subcomplexes by affinity chromatography and gel filtration.
The truncated complexes were tested for their polyadenylation activity and also for the ability to distinguish between aberrant and correct forms of tRNAs. In these experiments, we used wild-type tRNA Ala and a mutant that was identified as a preferred substrate for the intact TRAMP complex purified from yeast (6) . Both truncated forms of Trf4p/Air2p are active in polyadenylation assays ( Fig. 1) , though less active than the full-length complexes used in other studies (6, 7, 9) . The nature of the enhancement by the N and C termini is not known and will be the subject of future experiments.
In examining substrate preference, we found that both truncated complexes polyadenylate the aberrant form of tRNA Ala more extensively than the wild-type tRNA, as judged by both an increased poly(A) tail length and the fraction of the input substrate that underwent polyadenylation ( Fig. 1 A and B) . The differences are smaller for Trf4p∕Air2p ZK4-5 , but they are reproducible and statistically significant. The Trf4p∕Air2p ZK1-5 complex was additionally tested with wild-type and aberrant versions of tRNA Phe , where the structure was severely disrupted by multiple mutations in the D-, T-or anticodon stems of the tRNA (Fig. S2 ). Structure prediction with MFOLD (13) suggests that, except in the acceptor stem, even the secondary structures of these mutant RNAs are different from the native. We found that again the mutants were more extensively polyadenylated than the wild-type RNA (Fig. S2) . The finding that Trf4p∕Air2p ZK1-5 and Trf4p∕Air2p ZK4-5 differentiate between wild-type and mutant tRNAs suggests that the truncated complexes retain at least some of the sequences necessary for RNA recognition.
N-Terminal Zinc Knuckle of Air2p Modulates Trf4p Activity on Some
Substrates. Notably, Trf4p∕Air2p ZK1-5 polyadenylates both aberrant and wild-type tRNA Ala more extensively than Trf4p∕ Air2p ZK4-5 ( Fig. 1 A-D) . Trf4p∕Air2p ZK1-5 not only polyadenylates a larger fraction of the input tRNAs than Trf4p∕ Air2p ZK4-5 , but also adds longer poly(A) tails ( Fig. 1 A and C) . These results demonstrate that Air2p, and specifically sequences that include its three most N-terminal zinc knuckles, enhances Trf4p activity on larger RNA substrates. They are consistent with the notion that these zinc knuckles are involved in RNA binding but do not exclude an alternative or additional role in catalysis. To further assess the possibility that the zinc knuckles are involved in RNA binding, we used identical assay conditions but with a short RNA oligonucleotide (A 5 ) as the substrate. The finding that the oligonucleotide is polyadenylated comparably by both complexes (Fig. 1E )-and thus that the N-terminal zinc knuckle sequences in Air2p affect activity only for some substrates-argues that the N-terminal zinc knuckles of Air2p play a role in RNA binding.
To delineate the relative roles of the three N-terminal-most zinc knuckles in enhancing Trf4p activity, we deleted each of the first three zinc knuckles in Trf4p∕Air2p ZK1-5 individually and replaced each with a hexaserine linker. The linker acts as a spacer, allowing us to delete individual zinc knuckles while not shortening the distance between the remaining ones. The mutated complexes behaved similarly to Trf4p∕Air2p ZK1-5 during purification. All three mutant complexes polyadenylated the short A 5 oligonucleotide to similar extents as Trf4p∕Air2p (Fig. 1E) , and the complexes in which the second or third zinc knuckle was altered also polyadenylated mutant tRNA Ala comparably ( Fig. 1 C and D) . The second and third zinc knuckles thus appear to be dispensable for polyadenylation of aberrant tRNA Ala . In contrast, tRNA Ala polyadenylation was reduced when the first zinc knuckle of Air2p was mutated ( Fig. 1 C and D) . That the first zinc knuckle enhances the polyadenylation of aberrant tRNA Ala but not the A 5 oligonucleotide supports a role for this zinc knuckle in binding large RNA substrates. The second and third zinc knuckles could be involved in binding other RNA substrates, or they might participate in interactions with Trf4p or the Mtr4p helicase. Similar mutagenesis experiments to assess whether the fourth and fifth zinc knuckles of Air2p also modulate Trf4p activity were not feasible because we were unable to isolate soluble Trf4p∕ Air2p ZK1-5 when these zinc knuckles were mutated. As shown below, the fourth and fifth zinc knuckles of Air2p are involved in interactions with Trf4p, and the mutations likely disrupt complex formation between Trf4p and Air2p.
Structure of the Trf4p/Air2p Core. Constructs of Trf4p and Air2p were coexpressed in E. coli and purified as described above. For Trf4p, we used an active-site mutant, where the third aspartate in the polymerase catalytic triad was altered to alanine (D293A), as this improved protein yields. [Trf4p activity may be harmful for E. coli, where polyadenylation also targets RNAs for degradation (14) , resulting in larger yields for the inactive enzyme.] We were unable to obtain crystals with Trf4p∕Air2p ZK1-5 , possibly because the region containing the first three zinc knuckles is conformationally heterogeneous and interferes with crystallization. Crystals of Trf4p∕Air2p ZK4-5 complex belong to space group P32 1 and diffract to 2.7-Å resolution. The structure was solved by single anomalous wavelength dispersion phasing using the anomalous signal from zinc atoms bound by Air2p. The final model includes residues 161-481 of Trf4p and residues 122-146 and 160-198 of Air2p, two zinc atoms, and 58 water molecules. Residues 147-159 of Air2p, a portion of the peptide linker between the fourth and fifth zinc knuckles, are disordered and were not modeled. Data collection and refinement statistics are in Table S1 .
Trf4p adopts folds similar to structurally characterized Pol ß superfamily polymerases in both the catalytic and central domains, despite undetectable sequence similarity in the latter. The catalytic domain fold, common to all known Pol ß enzymes, is a fivestranded antiparallel beta sheet (strands S1-S5) flanked by two long alpha helices (H2, H3; Fig. 2 ) and comprises residues 190-315 in Trf4p. The central domain of Trf4p includes residues 161-189 and 316-481. It has an alpha helical core (helices H1, H4-H6, H8-H9; Fig. 2 ) with a three-stranded antiparallel beta sheet (S6-S8) inserted between helices H8 and H9. The nucleotide recognition motif corresponds to residues 421-433 ( Fig. 2 and  Fig. S3 ), including residues in strand S8 and C-terminal to it.
The fold of the central domain is shared by other noncanonical Pol β RNA polymerases such as CCA-adding enzyme from Archaeoglobus fulgidus (15) (Fig. 2C ) and the terminal uridyltransferases RET2 and TUT4 from Trypanosoma brucei (16, 17) . Trf4p differs from these RNA polymerases most notably near the Air2p binding surface, in a longer helix H9 and in the length and conformation of the connector between helices H6 and H8 (residues 357-372 in Trf4p). Whereas the connector is only two residues in the archaeal CCA-adding enzyme, it consists of a short helix H7 and an adjacent loop in Trf4p. The connector in the terminal polyuridine transferases is long but differs significantly in both conformation and orientation from the Trf4p connector.
Air2p is bound to a surface on the central domain of Trf4p formed by the connector between helices H6 and H8, the entire length of helix H8, and residues in S7 of the ß-hairpin. In Air2p, residues in the fifth zinc knuckle (residues 164-177) and in the linker sequences C-terminal to the two zinc knuckles form the interface with Trf4p (Fig. 3 A and B and Fig. S4 ). The fourth zinc knuckle (residues 123-136) is tethered to Trf4p via the adjacent linker region but has little direct contact with the surface of Trf4p. The fourth zinc knuckle may function in RNA binding, and residues critical for RNA binding in the nucleocapsid zinc knuckles (corresponding to residues 124-125 and 133-135 in Air2p) (12) are accessible to RNA (Fig. S5 ). In the fifth zinc knuckle, these same residues (165-166 and 174-176) are buried against the surface of Trf4p (Fig. S5) . Thus, the fifth zinc knuckle serves as a protein-protein interaction module, and if it also interacts with RNA, its interactions are different from those of the nucleocapsid knuckles.
To identify functionally important surfaces, we mapped residues that are highly conserved in Trf4p and Trf5p, their Schizosaccharomyces pombe homolog Cid14, and in sequences from higher eukaryotes onto the Trf4p/Air2p structure (Fig. 3 C-E and Figs. S3 and S4 ). There are two highly conserved surfaces. One of these is on the central domain and corresponds to the binding site for the Air2p fragment (Fig. 3 C-E and Figs. S3 and S4 ). This finding is particularly significant in that it provides the only experimental evidence to date that the Trf4p/Air2p interaction is widely conserved in eukaryotes, a prerequisite for the conservation of the TRAMP-exosome surveillance pathway. A second conserved surface, as expected, is in the active-site cleft between the catalytic and central domain. The conservation also extends to surfaces adjacent to the active-site cleft, which may play roles in binding RNA or protein partners of Trf4p. These could include Mtr4p or portions of Air2p that are not in the structure.
RNA 3′ End Recognition. Because Trf4p must interact with the RNA 3′ end in order to polyadenylate it, we investigated whether this interaction plays a role in substrate specificity. In these experiments, we used the truncated complexes, Trf4p∕Air2p ZK1-5 and Trf4p∕Air2p ZK4-5 , as well as preparations of full-length complex. (As shown in Fig. S1 , the full-length complex is degraded during purification, but we would nevertheless expect similar trends as for intact sample.) To determine whether certain sequences are preferred, we performed polyadenylation assays with 10-mers consisting of A, C, G, or Us (Figs. 4 A and B and Fig. S6 ). We found that, for all three Trf4p/Air2p complexes, RNAs ending in cytosines are modified least. This tendency may prevent polyadenylation of deacylated nuclear tRNAs that undergo trimming of the CCA end to CC-, favoring repair by the CCA-adding enzyme (18) . That all three complexes behaved similarly suggests that the Trf4p/Air2p core complex is sufficient for mediating end recognition.
Using RNA duplexes with 3′-poly(A) overhangs of different lengths (1, 3, 5, 7, 10 nt) as substrates, we found that an overhang is required for polyadenylation by full-length Trf4p/Air2p, Trf4p∕ Air2p ZK1-5 , and Trf4p∕Air2p ZK4-5 , but that the overhang can be as short as three nucleotides (Fig. 4C and Fig. S6 ). An overhang is probably required because the polymerase active-site cleft can accommodate single-stranded RNA but not a bulkier RNA duplex.
These experiments suggest that 3′ end recognition contributes to substrate specificity in Trf4p/Air2p. RNA ends have also been found to be recognition elements for other proteins involved in noncoding RNA processing and/or surveillance, including T455   I175  S176   V374 I377   D177   N371  I366  E378   D367   D365  R360   T363 P359  H358 E381   N386  K444   R441   M357   Y403  V402   F404   G388  V392   L382   F354   D391   D390   L394  I308   V146   I144   Y143   A142   R141   W140   R135   I139   L198   N197  F193  S191  N197 the eukaryotic proteins La and Ro (19, 20) , which both bind nascent transcripts, as well as the bacterial RNase T and RNase R (21, 22) . Sequences at the 3′ end may be one mechanism for recognizing such transcripts.
Summary and Model for Interactions with RNAs. We have found that the surface on the central domain of Trf4p that interacts with Air2p is conserved in a number of other noncanonical RNA polymerases, including Trf5p in yeast as well as related polymerases in higher eukaryotes. This conservation argues that the Trf4p/Air2p subcomplex is conserved structurally and, most likely, functionally. Although our experiments have focused on the Trf4p/Air2p heterodimer, it is likely that complexes containing Trf5p and/or Air1p as well as homologous complexes in higher eukaryotes function in a similar way.
The conserved surface on Trf4p extends beyond the binding site for the fourth and the fifth zinc knuckle modules, and it is possible that additional conserved surface regions could interact with portions of Air2p not in the structure. These include the three N-terminal-most zinc knuckle modules as well as sequences at the N and C termini of Air2p. The additional conserved surface regions in Trf4p may also be important for interactions with the Mtr4p helicase or RNA substrates.
How might the Trf4p/Air2p complex interact with RNAs? In all cases, the polymerase interacts with the 3′ end of its RNA substrates, polyadenylating them while they are inserted into the polymerase active site between the central and catalytic domains, and it is likely that "misfolded" segments of RNA bound are within a certain distance of this 3′ end. We have noted that the core complexes, Trf4p∕Air2p ZK1-5 and Trf4p∕Air2p , are less active than the full-length complex studied by others (6) , suggesting that the N and C termini are important for activity. Although the truncated ends could be important for catalysis, we favor a role in substrate binding because the crystal structure shows the catalytic regions of Trf4p appear to be structurally intact relative to other noncanonical RNA polymerases in the Pol β family. Our biochemical data show that both core complexes differentiate between correctly folded and aberrant tRNA substrates, indicating that sequences in the Trf4p/Air2p core are involved in RNA recognition. Possibly, then, the fourth and fifth zinc knuckles, included in both core complexes, could be involved in RNA binding. Additionally, we have shown that N-terminal sequences in Air2p, and in particular the first zinc knuckle, enhance the activity of Trf4p/Air2p on a longer tRNA substrate but not a short A 5 oligonucleotide. That this zinc knuckle affects polyadenylation activity only on selected RNAs supports a role in RNA binding. We therefore propose a model where portions of the Trf4p/Air2p N and C termini and one (the N-terminal-most) or more of the Air2p zinc knuckles are involved in substrate binding. Different combinations of these elements could mediate interactions with a large group of structurally different RNA substrates.
Methods
Preparation, purification, and quantitation of the proteins and RNAs used in this study are described in SI Methods.
Polyadenylation Assays. Polyadenylation assays were carried out in 10-15 μL volumes containing 50, 100, or 200 nM Trf4p/Air2p, 2.5-3.0 nM 5′ end-labeled RNA, 0.5 mM ATP, 5 mM MgCl 2 , 20 mM Tris · HCl, pH 7.6, and 50 mM NaCl. Reactions were incubated for 30 min at 22°C. For the tRNA Ala time courses (Fig. 1A) , a 15 μL reaction was set up, and 1.5 μL aliquots were taken at the times indicated. Reactions were stopped by addition of 50 mM EDTA, and for reactions involving tRNAs, the RNA was isolated by phenol-chloroform extraction. Samples were fractionated in 10% (tRNA), 12% (duplexes), or 15% (single-stranded oligomers) (wt∕vol) polyacrylamide 8M urea gels. To quantitate the fraction of polyadenylated RNA, we used a PhosphorImager (Molecular Dynamics) to compare the counts in the polyadenylated portion of each lane with the total counts in the lane.
Crystallization and Structure Determination. The protein used in crystallization was concentrated to ∼8 mg∕mL. Crystals were grown at 4°C by the hanging drop vapor diffusion method. Drops consisted of 1.5 and 1.0 μL protein and reservoir solution (100 mM sodium citrate, pH 5.8, 200 mM sodium acetate, and 11% PEG 4000), respectively. Crystals appeared in 5 d and grew to a size of 200 × 150 × 50 μm over the course of 2 weeks. Crystals were transferred briefly to a solution containing the mother liquor supplemented with 25% glycerol (vol∕vol) and flash-frozen in liquid nitrogen.
Data were collected at beamline ID24-C at the Advanced Photon Source in Chicago, Illinois, at a wavelength of 1.28215 Å to make use of the anomalous signal from zinc in phasing. The data were scaled and integrated using HKL2000 (23) , and SHELXE (24) was used to identify zinc positions. There is one Trf4p∕Air2p ZK4-5 complex per asymmetric unit, and two zinc positions were located. Phases were calculated and refined with SHARP (25) , and electron density maps were obtained after solvent flipping as implemented therein. The initial maps had well-defined density for the catalytic domain of Trf4p as well as for helices in the central domain, and these portions of Trf4p were modeled first. Model building was performed using the program O (26) . Phases calculated from this partial model were combined with experimental phases, resulting in maps with improved density for Air2p and still unmodeled regions of Trf4p (Fig. S7) . Although data from three crystals were used in calculating the initial experimental maps, regions in Air2p and the central domain of Trf4p were clearer in the phase-combined map when only data from a single crystal were used, perhaps because of slight nonisomorphism between crystals in these regions. Once model building was completed, the model was refined using the CNS software suite (27) , alternating torsion angle dynamics, least-squares minimization, and individual B-factor refinement with manual rebuilding. In a final round of refinement with PHENIX (28), we also refined translation/libration/screw parameters for four domains (catalytic and central domains of Trf4p and two zinc knuckle domains) and added 58 water molecules.
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